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BicycleThis paper describes a new continuously variable transmission (CVT) that may be used in a variety of machines
and transport devices. Unlikemany CVTs that are relatively heavy and bulky, the present CVT, named “eDrive”, is
fairly small and lightweight. These attributes allow eDrive to be used in human-powered transport devices such
as bicycles. The eDrive incorporates a sprocket able to vary its effective diameter via computer controlled actua-
tion. The sprocket accommodates a rotational input and provides an output using a loop belt rotationally engaged
with sprocket. The eDrive promises to increase a bicyclist's user experience, provide more efﬁcient conversion of
human energy to locomotion, and overall promote sustainable urban transportation. In addition, eDrive can be
conﬁgured and scaled to provide CVT functionality for a variety of other vehicles and machines, such as wind
or water turbines and electric vehicles.
© 2014 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Finding solutions for efﬁcient modes of urban transportation is
becoming more pressing given concerns over fossil fuel depletion and
climate change [1]. Human powered vehicles can play a role in overall
urban transport solutions. Of such vehicles, the bicycle has met with
themost overall popularity given that it is fairly lightweight, maneuver-
able, inexpensive, and efﬁcient to operate. Cities such as Amsterdam
have had a long history of using bicycles as a primary urban transporta-
tion solution. City bike programs have become increasingly popular. In
such programs, bikes can be picked up in one location and dropped off
in another, and the use is often free [2].
The invention of the bicycle has allowed the relatively efﬁcient
human locomotion to be ampliﬁed. A 73 kg bicyclist expends approxi-
mately 292 calories traveling 1 h at 16 km h−1. Therefore, a walker ex-
pends 56 calories per kilometer, while the bicyclist expends 18 calories
per kilometer [3], equating to around a threefold increase in efﬁciency.
Moreover, nutrients used to power locomotion of biological forms can
be produced using low energy and renewable forms of energy. Human
power is also advantageous in that it has low impact on noise and air
quality levels. Exercise is also beneﬁcial to human health andwellbeing,
and has shown to reduce costs in the health care industry [4].
2. Background
Herlihy [5] details the invention and evolution of the bicycle. The
ﬁrst bicycles had no transmission, and were operated by a single ratiopen access article under the CC BY-Ndetermined by the fulcrum of a pedal arm relative to the powered
wheel diameter. In order to better negotiate varied terrain, various
types of variable ratio transmissions were developed.
One early bicycle transmission was a hub type that uses multiple
gears enclosed in the rear wheel hub housing. A ﬁrst patent for a
two-speed hub-transmission type was invented in 1895. Initial rear
hub transmissions were limited to two or three gear ratios, and the
number has increased to the present day fourteen in the Rohloff
Speedhub 500/141. Hub transmissions are most commonly used in ﬂat
terrain urban conditions due to their limited number of ratios, and fairly
high weight. For example, according to the manufacturers published
information2, the Rohloff Speedhub 500/14 weighs 1.82 kg.
The ﬁrst derailleur type transmission was invented in 1905. In a
derailleur transmission a loop drive chain connects the front and rear
sprockets, and provides means to move the chain between two or
more adjacent sprockets located on either the front or the back of the
bicycle. Derailleur transmissions include up to three adjacent front
sprockets (or chainrings) rotationally engaged to the bicycle pedals,
and up to eleven adjacent rear sprockets (or cassette) rotationally en-
gaged to the rear wheel. In such a conﬁguration the transmission will
offer 33 different rider selectable sprocket combinations or ratios. To
aid the rider in shifting gears, an index shifter was introduced in 1985.
This system moves the drive chain the precise distance between adja-
cent sprockets. In 2009 an electronic actuator was incorporated in the
ﬁrst commercially available index shift derailleur transmission3.1 http://www.rohloff.de/en/technology/speedhub/technics/index.html.
2 http://www.rohloff.de/en/products/speedhub/.
3 http://www.gizmag.com/shimano-dura-ace-di2-electronic-shift/11407/.
C-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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contemporary use. Unfortunately, such drives have disadvantages,
including a relatively high mechanical complexity, weight, and unreli-
ability. A derailleur is a fairly sensitive mechanism, requiring precise
adjustment, and damage or misalignment may occur as the derailleurs
are exposed to the weather and vulnerable should the bicycle fall
over. Misalignment may cause the chain to become misplaced from
the drive system and jam other moving parts of the bicycle, therefore
causing the speed or direction of the bicycle to be abruptly altered.
The steps between the user-selected ratios in derailleur drives are
often ill suited for the given circumstances of terrain and available
input power. Additionally, the variety of ratios offered by a combination
ofmultiple front and rear sprocketsmay be confusing to all but themost
experienced riders, requiring much trial and error to select the most
suitable ratio. While a given drive using both front and rear derailleurs
may provide up to 33 user-selectable combinations, all such combina-
tions will not produce a substantially different ratio than the others.
Therefore, the number of distinct gear ratios is typically around 70% of
possible gear ratios, and the number of easily usable distinct gear ratios
is typically around 50% of possible gear ratios [6]. Therefore all but the
most experienced bicyclists will ﬁnd the selection of the proper ratio
from the multiple front and rear sprockets to be confusing, and result
in poor ratio selections and waste of human energy. It will be ﬁnally
noted that no known existing bicycle drives are capable of collecting
data as regards their use and function, e.g., as collecting data points in
real time, such as to shift points, torque, and speed (RPM).
Attempts have beenmade to adapt CVT technology to lighterweight
drives that would be appropriate for use in bicycles. The most common
and perhaps simplest CVT transmission operates by engaging a ﬁrst ro-
tating cone-shaped element with a second rotating element, whereby
the second element may be moved to engage with progressively larger
or smaller diameters of the cone found in the inﬁnitesimal cross sections
along its length [7]. In order to provide engagement of the two respec-
tive elements at any selected position, sufﬁcient friction is needed to
overcome the torque between them. In order to provide such high levels
of friction, considerable forcemust be applied normal to the curved con-
tact points of the two elements. Typically such transmissions use
elastohydrodynamic lubrication (EHL) to transfer power between the
contacting elements. Under high force, the ﬂuid undergoes a phase
change from liquid to solid and thereby provides a traction patch [8].
To provide such force, a fairly heavy and robust structure is required
to hold the two elements. A variant of this common CVT type has
been under development by Fallbrook Technologies marketed under
the nameof NuVinci Continuously Variable Transmission4. This technol-
ogy uses a series of radially disposed spheres that may be tilted on their
axis, and takes advantage of EHL for power transfer. The EHL contact
patch allows a small percentage of slippage that lowers the transmis-
sions input–output efﬁciency. The manufacturer has not published
results of efﬁciency testing. According to the manufacturer's published
information the NuVinci model N360 weighs 2.45 kg. By contrast, ac-
cording to the manufacturer, the weight of the Shimano SLX derailleur
system (front and rear derailleurs, shifters, freehub, and cassette) is
1.3 kg.5 Weight is an important factor in a human powered vehicle
such as a bicycle, as any advantage gained in the drive system efﬁciency
is overcomeby themass needing to be carried. A typical racing bicycle in
total weighs 7 kg.6 It became apparent to the authors that this common
CVT transmission type would not readily scale to work in applications
requiring small size and low weight.
Another solution for CVT transmissions has been the subject of some
investigation by prior inventors. This solution involves providing a
sprocket having the ability to change its effective diameter. Several dif-
ﬁculties arise with this approach. First, if a loop chain is engaged with4 http://www.fallbrooktech.com/cycling/faq.
5 http://www.gramslightbikes.com/2013/07/shimano-slx-review.html.
6 http://www.uci.ch.the variable diameter sprocket, the increment of the engagement of
chain and sprocket limits the steps between ratios, and the seamless
transition from one ratio to the next is unattainable. A similar condition
is present when using a notched belt engaged with a mating sprocket.
Second, themeans to coordinate the radial displacement of the sprocket
segments has led to development of overly complex, heavy, and high-
maintenance mechanisms.
In summary, existing bicycle transmissions fail to provide the full
beneﬁts of CVT technology. Derailleur or hub gear transmissions do
not provide continuous drive train ratios, and the one bicycle CVT cur-
rently marketed loses efﬁciency due to slippage and increased weight.
3. eDrive design and development
3.1. Design fabrication
The design, research, and development of eDrive sprung out of the
understanding of the limitations of existing bicycle transmissions. The
design objectives were determined to provide a continuously variable
transmission that has a relatively low initial cost and ease of mainte-
nance, a simple, intuitive, and highly controllable drive mechanism,
seamless steps between drive ratios, that provides intuitive ease of
use, is relatively lightweight, and can be ﬁtted or retroﬁtted into com-
mon bicycle frames and formats. In addition,many bicyclists seek to ob-
tain information about a ride, such as altitude, inclination, temperature,
distance, speed, torque, gear ratio, heart rate, cadence, and other inputs.
Therefore, eDrive was designed to cooperate with an onboard comput-
er, wirelessly communicatewith external devices, and extend the range
of data collection. By combining these features, eDrive promises to
provide the efﬁciency, ease of use, and extended functionality to signif-
icantly augment the use of bicycles, enabling them to play amore signif-
icant role in sustainable urban transportation. If bicycle use were to
increase, a number of beneﬁts would be obtained, such as reduced
trafﬁc congestion, quieter streets, less energy use and pollution, and im-
proved human health.
Fig. 1 illustrates one embodiment of eDrive ﬁtted on the back wheel
of a bicycle. It will be seen that the primary components of eDrive
consist of a computer, shifter, and drive assembly. Each of these compo-
nents is depicted as a separate element. However, a number of other
variations could exist. For example the computer and shifter could be
combined into a single device, or the shifter could be incorporated in a
brake handle or handlebar grip, or the computer could be worn by the
bicyclist. The functionality provided by the computer could be accom-
plished by a specialized device, or it could be accomplished by a special-
ized software application running on a portable device such as a small
tablet computer or a smartphone. Fig. 1 shows the eDrive drive assem-
bly. A transparent plastic housing is used to seal the drive assembly and
protect it from the intrusion of dirt and water.
A number of drawbacks were found in the prior attempts in using a
variable diameter sprocket; however, it also seemed possible to the
authors that these limitations could be overcome with other design
approaches. First, it became apparent that a belt might be superior to
a chain as the means to engage with the variable diameter sprocket
[9]. Belts can be made with carbon or aramid ﬁber reinforcement, and
therefore have a higher strength-to-weight ratio than the typical steel
chain. A belt can also be conﬁgured to have less friction than a chain,
and to thereby increase drive train efﬁciency [10]. Further, a belt can
bemadewith generally smooth surfaces, and therefore does not present
an increment, such as is presented in the spacing of openings in a roller
chain which are required to mate the teeth on a sprocket.
Therefore, design proceeded using a belt as the means to engage
with the pulley segments contained in the variable diameter pulley.
However, the challenge in this approach was in how to provide sufﬁ-
cient sliding resistance between the belt and pulley segments that
would result from the transfer of torque between the two elements. In-
spiration came from a spring-loaded camming device (SLCD)— a quite
Fig. 1. eDrive assembly on bicycle in operation with a close-up of the assembly (right).
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able to resist a tensile force by two opposed cams that apply perpendic-
ular force resistance into the opposed sides of a rock crack. This principle
was applied to this design problem. By placing a cam against the belt, an
increased tensile forcewill rotate the cam in order to apply an increased
clamping resistant force. A cam is an analog device; therefore, it pro-
vides a continuous change in curvature and resulting distance from a
point of contact on the belt relative to its pivot point. Therefore the
cam can clamp to any increment along the belt without need for an
incremental mechanical interlock as is found on a notched belt or
chain. A variety of variations of the cam approach were investigated,
such as with the use of two opposed cams contacting the belt sides, or
a single cam contacting one belt side, or a single cam contacting the
upper belt surface. Initial prototypes indicated the cam approach to pro-
vide the necessary engagement between the sprocket segments and
belt to engage and allow torque transfer while under load, and to disen-
gage and allow sliding during ratio changes. Fig. 2 illustrates one such
variation of a pulley segment having a single cam clamping to the side(a) Design of camming device
Fig. 2. Detail view of a pulley segmsurface of a belt, and Fig. 2(b) shows a photograph of one of the physical
prototypes used to test the camming system. The prototype used a
stainless steel cam from a SLCD pivotally connected to a support base
that contacts the belt on one side. A screwwas used as a contact surface
for the belt on the opposed side. The cammeasures 4 mm high and ex-
tends 10mm from the pivot point. The belt used in the prototype was a
carbon ﬁber reinforced drive belt designed for bicyclesmanufactured by
The Gates Corporation marketed under the name “Carbon Drive”. The
belt cross section measures 10mmwide and 7mmhigh. The prototype
was able to withstand a force of greater than 400 N resulting in a total
resistance of 400 × 8 = 3200 N when 8 clamps are engaged which is
sufﬁcient for withstanding full tension from a 136 kg rider exerting
1334 N standing on the front pedal which transfers 2.25 times the
force (depending on the bicycle and gearing) to the tension on the
belt implying a total tension force of 3000 N.
A next challenge was to ﬁnd a simple solution to coordinate the ra-
dial displacement of the pulley segments. It was understood that the
pulley segments would need to be constrained about each of their two(b) Test of camming device
ent with a camming device.
Fig. 3. eDrive drive assembly.
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segments sandwichedbetween. To effect radial displacement of thepul-
ley segments, the ﬁrst impulse was to constrain each with a respective
straight slot in the disks. The straight slots would not however en-
sure that the pulley segments were positioned at all times at the
same distance from their common axis of rotation. In addition, the
straight slots in themselves could not provide any direct means to
move them in order to present varied effective diameters. It was dis-
covered that by keeping the straight slots in one disk, and by forming
curved slots in the other disk, the coordination of the radial disposi-
tion of the pulley segments could be achieved. Furthermore, the re-
spective slots could more directly participate in the means to move
the pulley segments, in order to present varied effective diameters.
Fig. 3 illustrates the drive assembly from two different sides. The
straight slots can be seen in one disk, and the curved slots in the other
disk. The pulley segments (shown in yellow) are sandwiched between
the two disks.
With the arrangement of the one straight slot disk, the one arcuate
slot disk and the pulley segments, it was seen that rotating the two
disks relative to each other would cause a coordinated radial displace-
ment of the pulley segments. What was needed then was to ﬁnd an
actuator that would allow controlled rotation of the two disks relativeFig. 4. eDrive drive assembly front view.to each other. A ﬁrst actuator solution was found by using a servo
with a lead screw pivotally connected to one disk, and a lead screw fol-
lower pivotally connected to the other disk. Torque transfer between
the belt and pulley segmentswill cause a force normal to the pulley seg-
ments and attempt to push them to the smallest effective diameter. This
movement must then be resisted though the actuator mechanism
linking the two disks. In the ﬁrst actuator solution this resistance is
provided in part by the servo motor gearing, and in part by the angular
disposition of threads in the lead screw and lead screw follower. Should
higher torque loads be encountered in a speciﬁc application of the
eDrive for example in electric or gas powered devices, more robust so-
lutions could be used such as a selective locking mechanism or electro-
mechanical clutch.
Fig. 4 illustrates a front view of one embodiment of the eDrive drive
assembly. Ghosted lines are used to depict elements thatwould ordinar-
ily be concealed from view. The two disks are shown along with the
sprocket segments. A takeoff belt is engaged with the sprocket seg-
ments. A belt tensioner is comprised of a spring-biased arm with
an idler pulley. Located between the two disks is a battery, transmitter–
receiver, servo, and lead screw/lead screw follower.
3.2. Control system
In order to further extend the functionality of the device the servo is
integrated as part of a closed loop information and control system. Fig. 5
shows a schematic of the primary components of the control system.
The servo is powered by a lithium–polymer battery pack and controlled
by an embedded microprocessor, an Arduino Micro7.
This control system is designed to provide a variety of functions.
First, it allows a bicyclist to change gear ratios as desired during a ride.
Second, it allows a variety of sets of ratios to be stored and for any one
set to be selected as may be tailored and appropriate for a given ride.
Third, it allows data accumulated over the course of a given ride to be
stored for later analysis, and/or to be transmitted wirelessly to other
devices for storage or analysis. User inputs and data storage could be
accommodated in specialized devices, or could, for example, be accom-
plishedwith a pre-existing device, such as a smart phone running a spe-
cialized software application. These functions could be integrated with
current data sensing and harvesting devices that include temperature,
humidity, GPS coordinates and navigation, altitude, heart rate, power,
peddling cadence, and torque effectiveness. Future work may include7 http://arduino.cc/en/Main/arduinoBoardMicro.
Embedded Processor
Receiver
Servo Baery
Transmier
Fig. 5. eDrive control system schematic.
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automatically controlling the gear ratio to provide optimal comfort
level.
4. Results and discussion
The eDrive was designed and developed initially in a computer
model using Dassault Systèmes SolidWorks. The software allowed
description and visualization of the size and interrelationships of the
assembly components. In order to more fully visualize, understand,
and test the transmission, a ﬁrst physical prototype was developed.
For this prototype, the primary interest was to test the essential drive
mechanism and controls. At this point in time the mechanical compo-
nents were not designed or formed using materials capable of handling
full service loads. This had the advantage of being able to quickly test
iterations using mostly 3D printed parts. The prototype as conﬁgured
adheres closely to the computer model. Given that this prototype was
designed for low speed and torque inputs, several alterations were
made for the sake of simplicity. First, the camming device was omitted
as part of the pulley segment sub-assembly. The camming device is
necessary only to handle full service loads. Second, the lead screw and
follower servo actuator was proposed as a means to resist torque on
the servo. Since such torque would not be present in the current proto-
type, the lead screw and follower was replaced with a simple wire link
between the servomounted on one slotted disk and pivotally connected
to the other slotted disk.Fig. 6. Prototype schematic showing theSeveral other changes were made from the computer model. In the
computermodel the drive actuation components (transmitter–receiver,
servo, battery) were sandwiched between the two slotted disks. For
ease of access in making adjustments and reﬁnements in the prototype,
these elements were insteadmounted on the exterior face of one of the
slotted disks. Finally, the transmission input was ﬁtted with a standard
bicycle sprocket on the prototype in lieu of the pulley used in the com-
puter model.
As has been described, the essential functions of eDrive are per-
formed in the following sequence: (a) rotational power is transferred
to the drive input, (b) power is transferred from a variable diameter
pulley to the rear wheel output, (c) a wireless command signal is sent
to the transmitter–receiver to the servo which causes a displacement
of the pulley segments, and a resulting change in the transmission
input–output ratio. The prototype tests these essential functions. The
means to send wireless commands in a subsequent prototype or in a
manufactured version could take a variety of forms. For the current pro-
totype, it was decided that a system using an Arduino Uno with an IR
transmitter would provide sufﬁcient functionality.
A test stand was constructed using recycled bicycle frame compo-
nents. The frame serves to hold a pair of bicycle cranks and front sprock-
et, and a rear bicycle wheel. The eDrive assembly is mounted to the rear
wheel hub. A typical loop bicycle chain rotationally links the front
sprocket to the input of the eDrive assembly. The plastic housing pro-
posed as a means to protect the drive from dirt and water was omitted,
as it was not needed for initial testing.
With the connection of the forgoingmechanical, electrical, and elec-
tronic components, the prototype was powered on, a constant speed
rotational input wasmade via the bicycle cranks, and a command signal
was sent to the Arduino boardwhichwas then relayed to the servo. The
servo caused the two slotted disks to rotate relative to each other, which
in turn caused the sprocket segments to present a change in effective
diameter. It was then noted that the speed of the rear wheel changed
directly proportional to the effective diameter change. Through these
observations it was evident that the essential function of the transmis-
sion was proven to perform as designed.
The prototype was designed with an overall size and form factor
to allow it to be integrated with common bicycle components, and
also to be made from parts using a desktop 3D printer. In this case,
the 3D printer build envelope sets the limit to overall diameter of
the two slotted disks. A diagram of testing the drive is shown in
Fig. 6. Two Bell 100 Odomoters were used to determine the gearingtesting conﬁguration of the eDrive.
Table 1
Breakdown of weight by component.
Component description Weight (grams)
Controller — AT mega 7
Housing for controller 9
Battery — 9 V lithium ion 33
Servo 8
Disk 236
Cog assembly 72
Takeoff belt tensioner assembly 55
Output belt arm bracket 30
Pulley 175
Total 625
Fig. 7. Picture of the built prototype with testing sensors attached to relay measurements
to an Android tablet.
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in Fig. 7.
Because this prototypedid not incorporate the cam, some slippage of
the drive takeoff belt was noted, and some adjustments of the belt ten-
sioningdevicewas needed tomaintain reliable operation over a number
of related ratio changes. As mentioned, the camming device was tested
in separate prototypes which demonstrated its functionality. A future
prototype would incorporate the cam, and it is expected that it would
address the issue of belt grip noted in this prototype. Fig. 8 illustrates
the measured gear ratio at different radius settings for the CVT.
The initial physical prototypewas useful to determine and verify the
following attributes and functionality of eDrive to:
• ﬁt and cooperate with standard bicycle frame and components,
• provide proper constraints of mechanical and electronic components,
• accept a rotational input,
• send a wireless command signal, receive the signal, and actuate the
servo to rotationally displace the two side disks,
• effect a coordinated radial displacement of the sprocket segments and
change the effective output sprocket diameter and resulting change in
the input–output ratio,
• provide dynamic tensioning on the takeoff belt via the spring-biased
belt-tensioning device during ratio changes, and
• output rotational power from the variable diameter sprocket to the
rear wheel.
The component weights are broken down in Table 1. The total
weight is 625 g, approximately 600 g less than a Derailleur system.
The weight for each component was estimated using a volume takeoffFig. 8. Plot of the gear ratio vs. radius.from the SolidWorks model and using an appropriate material or
combination of materials selected from aluminum, carbon ﬁber, ﬁber-
reinforced plastic, and titanium. A ﬁnal production version of eDrive
designed for reliable operation with full service loads would likely
be heavier; however, the current weight estimates show promise of
achieving weight advantage over all current existing bicycle transmis-
sion systems.
In summary, the initial prototyping has served to demonstrate that
eDrive can provide the mechanical and electronic functionality as
designed and claimed. Future prototyping would be expected and nec-
essary before ﬁnal production of eDrive to reﬁne the respective ele-
ments and provide reliable operation under full service loads.
5. Conclusion
The use of bicycles over powered vehicles would decrease energy
use and provide cleaner and more sustainable urban transportation.
However, the current bicycle transmissions present barriers to more
widespread adoption of this form or transportation. The eDrive as de-
signed and developed appears to have promise as a new CVT able to
be conﬁgured with a small and lightweight form factor, and to provide
controlled actuation and data harvesting. Such a drive when used in
an application such as a bicycle could encourage bicycle use, and there-
fore help human powered transport tomake a greater impact on the de-
velopment of sustainable cities. The experience of eDrive users
promises to be enhanced over existing transmission solutions by
being lighter, safer, intuitive to use, and allow more efﬁcient operation.
In addition, those desiring to gather more information about their rides
– such as those on exercise regimens or those participating in cycling
sports – would beneﬁt from the data harvesting and communications
functions incorporated into the drive.
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